The C 3 -symmetric chiral propylated host-type ligands ()-tris(isonicotinoyl)-tris(propyl)-cyclotricatechylene L1 and ()-tris(4-pyridyl-4-benzoxy)-tris(propyl)-cyclotricatechylene L2 
Introduction
The self-assembly of metallo-supramolecular assemblies from multifunctional ligands and transition metal cations is well established and has yielded a variety of cage-like species.
[1] These may have hollow interiors where additional guest molecules or ions may be bound, and their ability to act as host assemblies means that a number of metallo-cage systems are being developed as nano-scale hosts and reaction vessels, with applications including the trapping of reactive species, [2] enabling unusual reactivities and catalysis [3] and templating nanoparticle formation. [4] Metallo-cages, also known as coordination cages, are examples of host assemblies where the individual molecular or ionic components do not necessarily have host-function themselves, which is a distinction from molecular hosts, which are individual molecules capable of binding guests. A theme of our research is the self-assembly of metallo-cages that utilise ligand-functionalised molecular hosts, in particular those based on cyclotriveratrylene (CTV). Other types of molecular hosts have also been employed to this effect, most particularly from the calixarene family. [5] Cyclotriveratrylene is a relatively rigid and pyramidal-shaped host with an open upper rim. [6] Both CTV and its chiral analogue cyclotriguaiacylene (CTG) can be converted into extended-armed host molecules through upper rim functionalisation. Metallo-supramolecular assemblies of ligand functionalised CTV-analogues include single-cage and double-cage catenating [M 3 L 2 ] capsule-like metallo-cryptophanes, [7] [M 4 L 4 ] and [M 6 L 4 ] tetrahedra, [8] [M 6 L 8 ] stella octangula assemblies, [9] and a self-entangled [M 4 L 4 ] cube. [10] The largest metallo-cages involving CTV-type ligands are the [Pd 6 L 8 ] 12+ stella octangula assemblies that occur with ligands that have 4-pyridyl groups appended, such as L1a, L1b and L2a (Scheme 1). [9] The crystal structure of the previously reported [Pd 6 (L1a) 8 ] 12+ stella octangula [9b] has six Pd II cations arranged in an octahedron with the eight L1a ligands taking up the octahedron's faces giving a 3 nm sized cage assembly, Scheme 1. The pyramidal aspect of the ligands gives the cage a spiked appearance, Scheme 1, similar to a stella octangula, which is the first stellation of an octahedron. Although crystals of [Pd 6 (L1a) 8 ].12NO 3 are racemic, each stella octangula cage is homochiral, being composed of only one of the two L1a enantiomers.
[9b] An analogous, octomeric CTV-based cube, assembled through labile covalent bonds, has been reported by Warmuth. [11] The previously reported [Pd 6 L 8 ] 12+ stella octangula cages are only soluble in dimethylsulfoxide (DMSO), which limits their potential as nano-scale hosts. In a bid to improve the solubility of these cages, we targeted the propylated ligands,
tris(isonicotinoyl)-tris(propyl)-cyclotricatechylene L1 , and tris(4-pyridyl-4-benzoxy)-tris(propyl)-cyclotricatechylene L2,
shown in Scheme 1. The vast majority of known CTV analogues with mixed upper rim substituents feature either a methoxy or hydroxyl group as one of the substituents, [6] examples of other combinations of mixed upper rim groups are much rarer. 
Results and Discussion
Propylated-cyclotriguaiacylene 2 (p-CTG) was prepared from propylated-cyclotriveratrylene 1 (p-CTV) [14] which was demethylated using lithium diphenylphosphide generated in situ by lithiation of diphenylphosphine with n-butyl lithium, Scheme 2.
[13] Lithium diphenylphosphide selectively demethylates aryl methyl ethers over other alkyls, and Collet had previously used the same approach for hetero-functionalisation of the CTV framework.
[13] The 1 H NMR spectrum of p-CTG displayed the characteristic diastereotopic resonances of the endo-and exo-protons of the tribenzo[a,d,g]cyclononatriene core at 3.31 and 4.56 ppm ([D 6 ]DMSO), respectively. p-CTG was highly soluble in common organic solvents and was observed to act as a gelator for the solvents dichloromethane, chloroform, nitromethane, acetonitrile and tetrahydrofuran. Gelator behaviour of CTV analogues and derivatives has been previously observed.
[15] p-CTG was converted to L1 and L2 using adapted versions of previously reported syntheses, [9a,16] with each ligand being obtained as a racemic mixture in high yields according to Scheme 2.
The crystal structure of L1 was determined from its clathrate complex L1·0.5(MeNO 2 )·1.5(H 2 O). The asymmetric unit features one molecule of L1, a MeNO 2 disordered across an inversion centre, and three poorly resolved regions of solvent, modelled as partial water molecules. L1 deviates from strict molecular C 3 -symmetry and all ester groups are oriented with the carbonyl groups away from the cavity of the cyclononatriene core, Figure 1 . The closest aromatic separation between the ligands is 4.4 Å which is too long to suggest any -interactions. There are, however, -H intermolecular interactions between the terminal methyl and pyridyl groups of nearby ligands, with C-H···Pyridine separations of 3.06 Å. The overall crystal lattice has a bilayer like arrangement of sheets of L1 ligands separated by solvent (see supplementary Figure S4 ). , respectively. Similar mass spectra were seen in all solvents utilised and were independent of the counter anion used and the spectra did not substantially change when monitored over a period of weeks (see Figures  S8, S11 ). Scheme 2. Synthesis of the propylated CTG ligands L1 and L2. We propose that the broadened spectra are indicative of a mixture of [Pd 6 6 ]DMSO is identical to the original spectrum shown in Figure 3a , supporting the notion that the broadened spectra reflect a mixture of cage stereoisomers. Another interpretation is that broadened spectra are indicative of incomplete self-assembly to the symmetrical [Pd 6 (L1) 8 ] 12+ cages, and that we are observing lower symmetry variants with the same stoichiometry. Yoneya and co-workers have recently reported molecular dynamics simulations of the self-assembly of [Pd 6 L 8 ] spherical cages where L is the achiral tripodal ligand 1,3,5-tris(methyl-4-pyridyl)-benzene. [18] In that study, lower symmetry complexes were found leading up to the formation of the symmetrical [Pd 6 L 8 ]. Given the short lifetimes of these species, and the high symmetry, albeit disordered, cage found in the crystal structure we find this to be a less plausible explanation for this system. Homochiral self-sorting in metallo-supramolecular assemblies, where ligand enantiomers recognise one another from a racemic mixture, has been previously reported both for stella octangula cages [9] and for other systems, [19] and includes examples where sorting from a stereomeric mixture occurs over several days.
Self
[19c] However, systems where such self-sorting is dependent on what solvent is used are a much rarer occurrence, and we are unaware of another example that parallels this one. Solvent-effects have been reported for equilibria between diastereomers of the atrane structure of a hemicryptophaneoxidovanadium complex, [20] and solvent may affect stereoselectivity in organic synthesis. [21] A platinum(II) congener, [Pt 6 (L1) 8 ]·12ClO 4 , is formed but not in quantitative yields. The 1 H NMR spectrum in [D 6 ]DMSO was symmetrical and displayed the characteristic downfield shifts of the pyridyl resonances, similar to the palladium (II) analogue described above; yet, due to the decreased lability of the metal centre, conversion to the cage was measured to be only 75%, despite heating to 70°C overnight, then standing for a week (see Figure S15 ). , respectively. Similar host-guest phenomena were displayed for the 8, 7 and 6+ charge states. Crystal structures of solid state o-carborane and halogenated carborane anions host-guest complexes with CTVs have been previously shown, and usually feature C-H··· hydrogen bonding from the acidic carborane C-H group. [22] The [Pd 6 (L1) 8 ] 12+ stella octangula cage can be chemically dis-assembled and re-assembled. According to NMR observations ( Figure S20) , reaction of the preformed cage with 24 equivalents of 4,4'-dimethylaminopyridine (DMAP) resulted in the quantitative disassembly of the cage and generated free L1, alongside [Pd(DMAP) 4 ]·2BF 4 . This occurs as DMAP is a stronger Lewis base than the pyridyl group due to the inductive effects of the amine group. The cage was quantitatively reassembled by subsequent addition of 24 equivalents of para-toluenesulfonic acid (TsOH) to regenerate the [Pd 6 (L1) 8 ]·12BF 4 assembly and H + -DMAP ( Figure S20 ). This demonstrates scope for application in cargo delivery and the selective sequestration or release of guests upon initiation by a localised trigger. The DMAP-TsOH chemical trigger has been previously used with metallo-cages and in other supramolecular systems such as switchable molecular shuttles.
[23]
Ligand exchange and speciation control
The availability of the sterically and interactionally similar ligand pairs, L1a/L1 and L2b/L2, all of which form a [Pd 6 , respectively. Once formed, there was no evidence of subsequent ligand exchange over several weeks of monitoring, and the mass spectra procured were consistent across DMSO, DMF and MeCN. The 1 H NMR spectrum in [D 6 ]DMSO was broad and was not observed to sharpen. The formation of a mixture of heteroleptic cages was also observed from similar experiments with the L2a/L2 ligand pair, and the ESI-MS obtained is shown in Figure 5 . This is contrasting behaviour to that reported by Dalcanale and co-workers on similar types of cavitand-based metallocage systems. [24] They mixed two distinct homoleptic Pt 4 L 2 cages where the L ligands were pyridyl-derived calix [4] resorcinarene cavitands with different lower rim groups, and observed formation of heteroleptic cages in solution on heating and standing. Zheng and Stang have likewise shown that combinations of homoleptic Pt-based supramolecular polygons undergo dynamic ligand exchange to form mixtures of heteroleptic polygons. [25] Conversely, Fujita and co-workers have remarked on the high kinetic inertness displayed by much larger Pd 12 L 24 metallo-cages, [26] and slow ligand exchange in metallo-cages has likewise been reported by both Raymond [27] and Ward. [28] Ward has also investigated metal exchange in [M 4 L 6 ] 4+ metallo-cages where M = Co(II) or Cd(II). They observed that metal scrambling began soon after mixing, and a near binomial distribution of [Co 4-n Cd n L 2 ]
4+ species was achieved after 150 days. [29] Our results initially seemed more in keeping with those of Fujita, and attributable to the larger size of our cage compared with Dalcanale's, and the presence of more M-cavitand bonds ( 12+ and free propylated ligand L1 observed as the major species in solution by NMR. The addition of a further six equivalents of [Pd(MeCN) 4 (BF 4 ) 2 ] returns the system to a cage mixture, although one that is strongly biased towards the homoleptic over heteroleptic species according to NMR, Figure 6 , and ESI-MS, Scheme 3. Disassembly of the 1:1 mixture of homoleptic cages can be effected using DMAP. Subsequent addition of TsOH reassembles the cages to once again form a mixture of heteroleptic cages, as the L1:L1a:Pd II stoichiometric ratio in the disassembled solution is now 4:4:6, Scheme 3. ESI-MS taken after this disassembly-reassembly process also gives evidence of ligand-cage adduct formation, Figure S34 . 
Conclusion
The propylated ligands L1 and L2 form [Pd 6 Despite the lability of Pd-N bonds, homoleptic mixtures of pre-formed [Pd 6 L 8 ] 12+ stella octangula cages show no, or only very minor, ligand exchange in DMSO even after many months in solution. This is in keeping with studies on other large cage systems, where ligand exchange was observed to be slow, [26] [27] [28] although it is unusual to observe no exchange at all, as was the case for the [Pd 6 12+ in the presence of additional ligand may therefore reflect that L1a has less sterically demanding methyl groups on its upper rim compared with the more sterically demanding propyl groups of L1.
The formation of near binomial mixtures of heteroleptic cages from 4:4:6 L1:L1a:Pd II mixtures (and from L2/L2a counterpart) is as expected from the solution stoichiometry and indicates kinetic control. Addition of more ligand biases the system to [Pd 6 (L1a) 8 ] 12+ which is consistent with ligand exchange experiments described above. This leaves more L1 in solution than L1a, which favours a homoleptic cage distribution on addition of more equivalents of Pd II . This allows us to exercise a degree of control over the predominant species in solution.
Experimental Section
Synthesis ()-2,7,12-Tripropoxy-3,8,13-trimethoxy-10,15-dihydro-5H-tribenzo[a,d,g]cyclononene 1, [14] lithium diphenylphosphide [13] , 4-(4-pyridyl)benzoyl chloride hydrochloride [9a] tris(isonicotinoyl)cyclotriguaiacylene 1a [16] and tris(4-pyridyl-4-benzoxy)cyclotriguaiacylene 2a [9b] were prepared according to literature methods. Reagents were obtained from commercial sources and used as received. 74 mmol) and anhydrous THF (10 mL) were added to a flame-dried Schlenk tube and stirred vigorously. Lithium diphenylphosphide was added dropwise via cannulae transfer over two hours, during which time it decolourised. The reaction mixture was stirred overnight and solidified. The resultant lithium phenoxide was hydrolysed with concentrated aq. HCl and volatiles removed in vacuo. Organics were extracted into dichloromethane (6  100 mL) and then back-extracted with 6M aqueous sodium hydroxide (6  100 mL). The sodium hydroxide layer was washed with dichloromethane (4  100 mL) and acidified with 6M aqueous HCl to precipitate the desired product as an off-white solid. The solid was allowed to stand for an hour before being filtered, washed with water (2  50 mL) and dried. Subsequent dissolution of the solid in chloroform, filtration through a silica pad and evaporation of the solution afforded the title compound as a colourless glass. 2,7,12-tripropoxy-3,8,13-tris(4-pyridylcarboxy)-10,15-dihydro-5H-tribenzo[a,d ,g]cyclononene (tris(isonicotinoyl)-tris(propyl)-cyclotricatechylene) L1 Anhydrous triethylamine (2.4 mL, 13.56 mmol) was added to a stirred solution of 2 (555 mg, 1.13 mmol) in anhydrous THF (150 mL), at -78 C, under an argon atmosphere. After one hour, isonicotinoyl chloride hydrochloride (800 mg, 4.50 mmol) was added to the reaction mixture and stirred at -78 C for a further two hours before being left at room temperature for 48 hours. A second portion of isonicotinoyl chloride hydrochloride (800 mg, 4.50 mmol) was added, and left to stir for a further 48 hours, during which time the reaction mixture discoloured. The solvent was removed in vacuo and the resultant residue triturated in ethanol to afford the target compound as a white solid, which was isolated by filtration and dried in vacuo. L2 Anhydrous triethylamine (1.32 mL, 7.56 mmol) was added to a stirred solution of 2 (310 mg, 0.630 mmol) in anhydrous THF (50 mL), at -78 C, under an argon atmosphere. After one hour, 4-(4-pyridyl)benzoyl chloride hydrochloride (960 mg, 3.78 mmol) was added to the reaction mixture and stirred at -78 C for a further two hours before being left at room temperature for 48 hours. The solvent was removed in vacuo and the resultant residue triturated in ethanol to afford the target compound as a white solid, which was isolated by filtration and dried in vacuo. Yield 609 mg: 93 %; M.pt Decomposes > 270 C; HR MS (ES treated with the SQUEEZE routine of PLATON. [32] CCDC-971406.
